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I. INTRODUCTION 
Local scour around a bridge pier located in a man-made 
channel with an erodible bed or a natural river is a 
common phenomenon that poses lots of practical 
problems related to the structural integrity of bridges.  If 
the incoming flow is turbulent, which is practically always 
the case in applications of practical interest, a wide range 
of turbulent scales are present around the cylinder and 
control the transport process.  The flowfields around these 
structures are dominated by the presence of relatively 
organized coherent structures in the form of necklace 
vortices at the base of the pier, large scale rollers in the 
wake behind the pier and smaller vortex tubes in the 
detached shear layers (DSL).  Thus, to understand the 
scour mechanism, one has first to be able to qualitatively 
describe the structure of these large-scale eddies and their 
interactions at the different stages of the evolution of the 
scour process.  As the time scales associated with the life 
and interactions among these structures is much smaller 
than the time scales over which significant changes in the 
scour hole geometry take place, when using numerical 
models one can perform this study under fixed bed 
conditions.  The bathymetry at a particular stage of the 
scouring process can be obtained from experimental 
measurements.     
Regardless of the exact form of the bridge pier, the 
main mechanism ([2], [4]) that drives the formation and 
evolution of the scour hole is the formation of a horseshoe 
vortex (HV) system at the base of the pier due to the 
separation of the incoming boundary layer induced by the 
adverse pressure gradients generated by the pier.  As a 
consequence of this boundary layer-pier interaction, the 
turbulence reorganizes around the upstream side of the 
pier base into a number of necklace like structures.  These 
vortical structures are stretched as they fold around the 
pier because of the lateral pressure gradients.  In the case f 
a circular isolated pier, their legs are approximately 
parallel to the mean flow direction in the channel.  In the 
case of an incoming turbulent flow, the location, size and 
intensity of the HV eddies are observed to be highly 
varying in time ([3], [8]).  Additionally, a sharp increase 
of the turbulent kinetic energy (tke), pressure fluctuations 
levels and bed shear stress is observed within / beneath the 
HV region.  This large amplification was related to the 
presence of bimodal aperiodic chaotic oscillations inside 
the HV region ([15], [18]).  This phenomenon, which 
consists of the flow in the HV region switching between 
two modes at times intervals whose probability density 
function is likely Markovian, was first observed by 
Devenport and Simpson [5] in the study of the flow past a 
surface mounted wing shaped cylindrical body at very 
high Reynolds numbers (Re~106).  The switching was 
observed to take place at a relatively low frequency 
compared to the oscillation (passage frequency) of the 
vortices inside the HV system.   
In a related Large Eddy Simulation (LES) investigation 
of the flow over a circular bridge pier at the start of the 
scouring process [5] we showed that these bimodal 
oscillations are present at much lower Reynolds numbers 
(ReD=UD/v~1.8*104, where U is the incoming mean flow 
velocity and D is the diameter of the circular pier) if the 
incoming flow is fully turbulent.  It was observed that the 
main horseshoe vortices were oscillating randomly 
between two modes, one in which the vortex is far from 
the cylinder due to the presence of a strong wall-attached 
jet and one in which the main vortex was close to the 
cylinder and in which the wall attached jet is weaker and 
separates earlier.    
Most of the experimental studies of scour phenomena 
around bridge piers were conducted in laboratory flumes.  
Their main goal was to investigate the temporal evolution 
of the scour geometry and the maximum scour depth at 
equilibrium conditions.  Based on these experimental 
studies, numerous semi-empirical equations of the 
maximum scour depth were proposed in the literature 
[17].  In a recent study, Ettema et al. [6] showed that the 
over-prediction of the maximum scour depth by these 
formulas when applied to field conditions may be due in 
part to the fact that these formulas neglect the scaling of 
the large-scale coherent structures present in the region 
surrounding the pier.  They found that the shedding 
frequency of the large-scale rollers and the amount of 
vorticity in the wake of the pier influence the scour 
development and the maximum scour depth at 
equilibrium.   
Several experimental studies (e.g., see [4]) showed that 
scour is initiated in the accelerating flow on the sides of 
the cylinder and in the wake of the cylinder, before the 
scouring produced by the HV system at the base of the 
cylinder becomes dominant.  Experimental investigations 
of the temporal evolution of the scour around piers 
demonstrated that once the initial ripples start forming, the 
HV system becomes more stable, with most of the 
scouring taking place at the base of the cylinder, both 
upstream and on the sides of the pier.  As the size of the 
scoured region around the upstream base of the pier 
increases, the overall size of the HV system is growing but 
the bed stress values are decaying.  When these stresses 
are reduced to levels corresponding to the threshold for 
sediment entrainment, the large-scale scouring process 
ceases and the flow is at equilibrium conditions.  In 
reality, even at equilibrium conditions local scouring as 
well as entrainment and deposition of sediment are still 
present but, in the mean, the geometry of the scour hole 
can be considered not to change in time.  In most cases a 
deposition-dune or a hill (e.g., see Fig. 1a) is formed 
downstream of the pier ([4]) due to the deceleration of the 
sediment particles entrained in the regions of high bed 
shear stress and pressure fluctuations. 
Dargahi ([2], [3]) performed several studies that 
focused on the visualization of the vortical structures 
around a bridge pier placed in an incoming fully turbulent 
flow.  He identified several factors that appear to 
contribute to the scour process.  Among them, the main 
ones are the rotational velocity of the HV system, the 
reduction in the local pressure around the sediment 
particles, the high turbulence levels in the incoming flow 
and inside the HV region, and a quasi-periodical motion 
associated with the horseshoe vortices.  
Though recent experimental investigations using highly 
accurate Particle Image Velocimetry (PIV) and Laser 
Doppler Velocimetry (LDV) techniques (e.g., [5], [20]) 
have increased considerably our understanding of the 
intricate structure of the HV system in the symmetry 
plane, a detailed quantitative description of the HV system 
around the cylinder base and of the turbulent near-wake 
region is still lacking.   One should emphasize that most 
experimental investigations have focused only on the 
detailed study of the HV system in the symmetry plane 
and have made only qualitative observations on its 
variation around the body (e.g., with the polar angle for 
the flow around a circular cylinder) and on its interaction 
with the scoured bed and the DSLs.  
Unfortunately, detailed and accurate measurements of 
the mean velocity field for the flow around a bridge pier at 
the different stages of the scouring process are not 
generally available.  Graf and Yulistiyanto [8] and Graf 
and Istiarto [9] measured the mean velocity components 
and turbulent Reynolds stresses using ADVP both 
upstream and downstream a circular pier for flat bed and 
equilibrium scour conditions, respectively.  The mean 
extent of the HV region was measured but no attempts 
were done to visualize the coherent structures inside the 
HV system or downstream the cylinder.   
Another approach that can be used toward 
understanding the fundamental dynamics and structure of 
the HV system is based on eddy resolving numerical 
techniques.  In particular, the structure of the HV system 
around an isolated circular pier on a flat bed (start of the 
scouring process) or on a deformed bed (equilibrium 
conditions) with an incoming fully developed turbulent 
flow was investigated by Kirkil et al. ([13], [14], [15]).  
The LES simulations showed that regardless of the stage 
of the evolution of the scour hole, the HV system region 
around the base of the pier is characterized by the 
presence of large r.m.s. pressure fluctuations and tke 
levels.   
Another area that did not receive much attention in 
previous scour studies of the flow past piers is the wake 
region.  For instance, Dargahi [4] found that the scouring 
mechanism in the wake region is closely related to the 
shedding of wake vortices. He concluded that sediment 
particles were ejected when pockets of low-pressure and 
high velocity fluctuations associated with the convection 
of large-scale coherent structures were present in the near-
bed region.   
The flow past infinitely long cylinders was studied 
extensively over the last decades (see reviews by [21], 
[22]).  The attached boundary layer on an infinite cylinder 
or on a surface mounted cylinder away from the bed 
interacts with the free-stream and, at a certain point, 
separates to form the DSLs.  If the boundary layers are 
laminar at separation and the Reynolds number is high 
enough (ReD>1,000), the Kelvin-Helmholtz instabilities in 
these DSLs will grow into vortex tubes that will be shed at 
a frequency that is strongly dependent of the Reynolds 
number and is independent of the one associated with the 
large scale vortex shedding frequency.  If the level of the 
incoming free-stream turbulence is increased, than the 
shear layer entrainment is enhanced [1].  Transition will 
take place in these DSL, the flow inside the wake will be 
turbulent and characterized by the shedding of large 
spanwise vortices (rollers).  The relationship between the 
turbulence length scales and vorticity distribution in the 
rollers is determined by the vorticity transport mechanism, 
in particular by the presence of vortex stretching.   
End disturbances in the spanwise (relative to the 
cylinder) direction (e.g., the presence of a free surface or 
of a solid wall at the ends of the cylinder) will alter the 
predominantly two-dimensional fashion in which the 
predominantly spanwise vortices are shed in the case of an 
infinitely long cylinder and trigger what is generally 
called oblique shedding.  In the case of a long circular 
cylinder mounted on a flat bed in a channel at ReD~ 
28,000, Inoue et al. [12] observed higher frequencies and 
more organized coherent structures near the free surface 
compared to mid-level depths.   
The same flow at lower Reynolds numbers (1,700 to 
6,000) was investigated by Vlachos [19] using several 
experimental techniques including PIV.  Most of the focus 
of the investigation was on the flow structure between the 
free surface and the channel mid depth (the total depth 
was 12.8D). Laser sheet visualizations over the whole 
depth showed that the HV system at the base of the 
cylinder had some influence on the axis of the spanwise 
shed rollers.  Vlahos [19] observed that bottom wall 
effects lasted until channel half depth.  Past that point, the 
axis of the rollers became approximately parallel to the 
vertical cylinder axis.  At lower depths, the angle between 
the vertical direction and the roller axis was different from 
00, indicating the presence of oblique shedding and of a 
non-negligible vorticity component parallel to the free-
stream direction.  He found that changes in the inclination 
of the roller axis occurred inconsistently, in a chaotic way.  
One of the related effects observed in the wake was the 
decrease of the amplitude associated with the large-scale 
shedding near the free surface even though the Strouhal 
number was practically constant and equal to 0.25 over 
the upper half of the channel depth.  This phenomenon 
was attributed to the role of the free surface which does 
not allow the three-dimensional instabilities present in the 
DSLs to grow in a natural way.      
 
II. 
III. 
IV. 
PRESENT APPROACH  
In the present paper, the database from a highly 
resolved LES simulation [13] is used to investigate the 
dynamics of the instantaneous coherent structures 
associated with the HV system around a circular vertical 
cylinder placed in a sand bed, and their interaction with 
the DSLs and the near wall turbulence at the end of the 
scouring process (equilibrium scour conditions).  The 
overall goal of the ongoing project is to use numerical 
techniques capable of accurately capturing the 
dynamically important coherent structures in a bridge pier 
flow to understand the fundamental flow physics.  To 
achieve that, a related requirement is the use of fine 
enough meshes to capture the energetic structures in 
relevant flow regions.  As this requirement increases 
strongly with the value of the Reynolds number, we 
decided to simulate a flow with a relatively low Reynolds 
number (ReD=16,000, ReH=18,000 where H=1.12D is the 
channel depth) but for which the turbulence characteristics 
of the (fully turbulent) incoming flow are not qualitatively 
different than those observed at much larger Reynolds 
numbers.   
Eddy resolving techniques such as LES have the 
advantage that the whole 3D instantaneous flow fields, 
and not only the 2D fields in a certain plane, are available 
as part of the solution.  This is important especially for 
flows dominated by random interactions among highly 3D 
coherent structures.  It also allows an in depth 
investigation not only of the HV system, but also of the 
unsteady shedding of vortex tubes in the DSL and their 
interactions with the bed and the legs of the horseshoe 
vortices which are responsible to a large degree for the 
bed scour and deposition patterns behind the cylinder.  In 
parallel, flow visualizations using dye and Large Scale 
Particle Image Velocimetry (LSPIV) techniques are used 
to educe the coherent structures around the cylinders and 
to validate the numerical results.  
The equilibrium scour bathymetry is obtained from 
experiments conducted in a re-circulating flume.  In 
simulation and experiment the incoming flow is fully 
turbulent.  This insures that the present test case is 
relevant for practical applications in which the Reynolds 
numbers are higher.  The only limitation is that the 
horseshoe vortex (HV) – detached shear layer (DSL) 
interactions are representative of cases in which the large-
scale vortex shedding in the wake of the pier is subcritical.   
This is the regime where most of the scaled model 
experimental investigations are conducted.   
DESCRIPTION OF EXPERIMENTAL TECHNIQUES 
USED FOR FLOW VISUALIZATIONS 
Experiments were conducted using a 27.40m-long, 
0.91m-wide and 0.45m-deep sediment flume.  A uniform 
layer of sediment with a median diameter of 0.68mm was 
placed as a 0.23m thick bed layer along the test section of 
the flume.  A circular cylinder with diameter of 0.09m 
was placed at centerline of the flume, far from the inflow 
section to ensure that the flow was fully developed before 
it reached the pier.  The water depth was H=0.1m, the 
average velocity was U=0.18m/s, the slope of the flume 
was S=0.01%, the critical shear velocity ratio was uτ /uτ c 
=0.42, where uτ c was estimated based on Shields diagram.  
The experiment was run until equilibrium scour 
conditions were obtained.  Detailed measurements of the 
bed bathymetry (on a grid with the characteristic size of 
0.01m) were transferred digitally to generate the scoured 
bed surface used in the numerical simulation (Fig. 1a).  
Same figure contains a topographic map of the scoured 
region.  The measured bathymetry is almost symmetric 
around the φ=00 plane (the polar angle φ is measured from 
the upstream polar plane oriented in the streamwise 
direction).  The scour and deposition patterns are similar 
to the ones observed to form in previous experimental 
studies of scour around bridge piers of circular section 
(e.g., [4], [9]).  The maximum scour depth occurred in the 
φ=00 plane.  The shape of the upstream part of the scour 
hole contained two regions of different slopes.  The slope 
of the lower region was steeper (slope=33o) than the one 
of the upper region (slope=31o). Downstream of the pier, a 
sediment deposition region was present due to 
accumulation of sediment transported from the scour hole.     
To visualize the dynamics of the large-scale coherent 
structures in the HV region and DSLs, a non-dispersive 
dye tracer was injected using a hypothermic tube inside 
the scour hole and inside the attached boundary layers on 
the cylinder at different elevations above the bed.  The dye 
tracer consisted of a shear-thickening, high extensional 
viscosity mixture designed to disperse slowly.  This 
property allowed the dye filament to resist breakup in 
turbulent flow and be able to visualize large scale vortical 
motions ([10], [11]). A digital video camera was used for 
recording the flow features as educed by the tracer paths 
(Sony TVR3-320).  Still photos were then selected from 
the video recording. 
LSPIV was used to determine the mean streamline 
patterns at the free surface in the near wake and the size of 
the recirculation eddies behind the cylinder.  LSPIV 
employs much simpler illumination and larger particles 
compared with conventional PIV while covering 
considerably larger fields of view.  This is an important 
advantage for our experiment.  The variant developed by 
Fujita et al. [7] which was previously applied and 
validated for similar flow studies was used.  Saw dust 
floating particles were used to seed the flow at the free 
surface.  The seeding material was introduced in an 
uniform and continuous fashion upstream of the pier.  
This type of seeding particles did not stick together thus 
allowing individual tracking.  Image recording was done 
by means of a digital video camera (Sony TVR 320) that 
produced geometrically non-distorted images.  The 
camera was mounted at an approximate height of 1m 
above the water surface.  The digitized images contained 
640x480 pixels of 8-bit, gray-level resolution after 
capturing.  Image processing was performed with a 
commercial software LSIV v.5.0. which allowed 
calculation of the mean velocities, etc.   
DESCRIPTION OF FLOW SOLVER, BOUNDARY 
CONDITIONS AND TEST CASE CONDITIONS 
A massively parallel LES flow solver [16] was used to 
generate the LES database.  The finite-volume solver uses 
a predictor-corrector formulation which discretely 
conserves energy on unstructured grids.  This property 
insures robustness at high Reynolds numbers without 
introduction of numerical dissipation (central 
discretizations are used for all terms including the 
convective ones in the momentum equations).  Implicit 
time-stepping is performed using a Crank-Nicholson 
scheme.  The dynamic Smagorinsky sub-grid scale (SGS) 
model is used to account for sub-grid scale effects on the 
resolved flow fields.  Thus, the model does not contain 
any adjustable constant and keeps the SGS viscosity at a 
minimum level compared to the one predicted by the 
classical constant-coefficient Smagorinsky model.  The 
numerical model does not employ the logarithmic law of 
the wall assumption (wall-functions approach) due to the 
known deficiencies of this method in the case in  which 
separation and adverse pressure gradients dominate the 
flow field in the regions of interest (HV system, DSLs, 
etc.).   
The computational domain (Fig. 1a) extends 5D 
upstream of the cylinder and 10D downstream.  The 
domain width is 16D.  The depth of the channel is 
H=1.12D in the flat region.  The cylinder Reynolds 
number is identical to the one in the experiment used to 
determine the scour bathymetry at equilibrium.  The 
inflow conditions are obtained from a separate LES 
simulation in a periodic channel of identical section.  The 
LES velocity fields containing the realistic turbulent 
fluctuations are fed in a time-accurate way through the 
inflow section.        
The grid density is varied such that the mesh is very 
fine in the regions containing the HV system, the DSLs 
and the near-wake.  A detail view of the mesh in a 
horizontal plane around the cylinder is shown in Fig. 1b.   
Though the mesh contains only hexahedral cells to insure 
maximum quality, the mesh is unstructured.  A paving 
technique was used in surfaces parallel to the bed.  The 
mesh contains over 4 million cells.  The first row of cells 
is situated at 0.001D away from the solid surfaces, 
corresponding to 0.5-1 wall units. 
 
 
 
Figure 1. Computational domain. a) bathymetry at 
equilibrium scour conditions; b) unstructured mesh 
near the cylinder in a horizontal plane. 
Typical computational cell dimensions in the three 
directions inside the HV system region, away from the 
walls, and inside the DSLs are 8-20 wall units.  Near the 
free surface, which is treated as a shear-free rigid lid, the 
spacing in the normal direction is close to 45 wall units.  
At the outflow, a convective boundary condition that 
allows the coherent structures present in the wake to exit 
the domain in a time accurate fashion and without 
producing unphysical oscillations was used.  The time step 
was 0.002 D/U.  Simulations were run on 24 processors of 
a Xeon PC Cluster.   
V. RESULTS 
The general pattern of the 2D mean-velocity 
streamlines at the free surface (z/D=1.12) in the region 
behind the cylinder are compared in Fig 2.  The LSPIV 
measurements are shown in frame a and the LES 
simulation results are shown in frame b.  Observe that the 
mean flow is not exactly symmetrical with respect to the 
streamwise axis going through the center of the cylinder 
as would be expected for an infinite-length cylinder or for 
a cylinder mounted on a flat surface.  The reason is that 
the equilibrium scour and deposition patterns around the 
cylinder are not exactly symmetrical in experiment (same 
bathymetry was used in the numerical simulation).  The 
result of this non-symmetry is that a unique vortical eddy 
is observed on the left side (relative to the incoming flow 
direction) of the near-wake region, behind the cylinder.  
This eddy is associated with an upwelling motion toward 
the free surface which feeds fluid into the center of the 
eddy.  From there the fluid is convected in the free surface 
plane towards the cylinder and the DSLs.  The center of 
this eddy is situated at (xv, yv)=(0.84D, 0.44D) in 
experiment and at (0.9D, 0.42D) in the simulation.  Its 
mean size is also very similar in simulation and 
experiment.  The only difference between experiment and 
simulation is the slightly larger inclination angle of the 
limiting streamlines originating in the attached boundary 
layer, on the right side of the cylinder, in the experiment 
compared to simulation.  
More information on the flow dynamics in the free 
surface region is provided by the distributions of the 
instantaneous and mean vorticity magnitude in Fig. 3. 
 
 
  
 
 
As expected, in the mean flow the vorticity is 
concentrated in the two DSLs on the two sides of the 
cylinder.  At the ReD=16,000 the boundary layers are 
laminar at separation. However, the flow in the 
downstream part of the DSLs is turbulent, as the flow 
transitions over a small distance from the separation line 
due to the amplification of the Kelvin-Helmholtz (KH) 
instabilities into small quasi-2D billows (vortex tubes) and 
to the interaction with the small-scale turbulence 
convected from upstream (the incoming flow is fully 
turbulent).  The distribution of the mean vorticity inside 
the two DSLs is practically symmetrical.   
The instantaneous flow offers a very different picture.  
A wide range of energetic turbulent eddies is observed 
over considerable distances outside the main recirculation 
region behind the cylinder.  Inside the DSLs, the 
formation and shedding of KH billows is clearly observed.  
The instantaneous vorticity magnitude contours do not 
suggest the presence of a very organized large-scale 
shedding similar to the one generally observed in the case 
of an infinite cylinder at similar Reynolds numbers.  In 
fact, results of a LES simulation done for the same flow 
conditions considered in the present work but with a flat 
bed showed that large-scale rollers were shed in the wake 
quasi-regularly in that case.  It appears that the hump that 
forms due to sediment deposition behind the cylinder 
interacts with the instability responsible for the large-scale 
shedding and induces interactions with the free surface 
(strong upwelling and downwelling motions).  This makes 
the wake region, especially for x/D>1.5, to be wider and 
the large-scale motions less organized compared to what 
is generally observed in the case of an infinite cylinder or 
in the case of a pier placed in a deep current (H/D>>5).   
In the instantaneous frame sequence (a to f) in Fig. 4 
showing the out-of-plane vorticity contours at a time 
interval of 0.2D/U in LES, the alternate shedding of 
vortex tubes from the DSLs is clearly observed.  The 
separation angle, which is defined as the polar angle 
between the symmetry plane and the point where the 
boundary layer detaches from the cylinder surface 
oscillates around 85o between the free surface and mid-
depth levels.  In the same frames one can observe that a 
merging event between two successively shed vortices 
takes place inside the DSL on the right.  The patches of 
vorticity denoted V6 and V7 in frame a start to merge in 
frame b.  The merging is practically complete in frame c, 
where a new eddy denoted V8 has formed.  At other time 
instances, as the vortex tubes are advected away from 
their formation region, they can be stretched and mix with 
the free-stream fluid or with the fluid in the recirculation 
region.  Eventually, these vortex tubes will break into 
smaller 3-D structures and force transition to turbulence 
not only of the flow in the downstream part of the DSL 
region but also of the flow inside the near wake region.  
Due to the fact that in the present test case the incoming 
flow is fully turbulent and quite shallow, the effects of 
turbulence burst phenomena are felt in the upper layers of 
the flow and the random jittering of the KH billows inside 
the DSLs is much higher compared to infinite cylinders.  
This strongly increases the production of small scales and 
makes that the instantaneous structure and strength of the 
shear layers on two sides of the cylinder can be quite 
different.  At times, the length of these shear layers and 
the level of coherence of the vorticity patches inside them 
can be similar (frames a to c), at other times one shear 
layer can be much longer than the other (frames e and f 
where the DSL on the right side is much stronger) because 
of the different level of coherence of the KH billows.   
Figure 2. Mean streamline patterns at the free 
surface in the region behind the pier. a) LSPIV; b) 
LES.
Figure 3. Vortical structure of the flow at the free 
surface. a) instantaneous vorticity magnitude 
contours; b) mean vorticity magnitude contours. 
The dye visualizations in frames g to i confirm the 
presence of merging events inside the DSLs.  The tracer is 
introduced inside the attached boundary layer in a plane 
close to the free surface.  Observed that the larger billow 
B in frame g is disturbed due to interaction with the 
smaller eddies inside the recirculation eddies.  As a result 
the next billow, denoted A, starts approaching B in frame 
h.  In frame i the two billows start moving one around the 
other due to forces induced by the two patches of 
vorticity.  The merging is practically complete in frame j. 
Another phenomenon that is observed in experimental 
visualizations and in animations of the out-of-plane 
vorticity contours obtained from LES is that, from time to 
time, as a result of the jittering of the DSL or due to an 
interaction between one of the KH billows with an eddy 
from the recirculation region, one of the KH billows is 
entrained inside the recirculation region.  Once there, the 
billow is stretched by the small and medium sizes eddies 
that populate the recirculation region before breaking 
itself into smaller eddies.  In most of the cases this event 
corresponds to a strong decay in the strength and 
coherence of the DSL from which the KH billow has 
detached.  Such an even is illustrated in frames a to d of 
Fig. 5.  In frame a the downstream part of the DSL on the 
right side is strongly curved toward the interior, and V12 
starts detaching.  In frame b, V12 has separated and 
started interacting with the main (co-rotating) eddy 
present at that moment in the recirculation region (V11) 
while being stretched by the surrounding smaller eddies.  
In frame c, V12 has disappeared as part of it has merged 
with V11, whose circulation and size have increased, and 
part of it decomposed into smaller eddies.  Eventually, the 
DSL on the right side recovered its usual structure (frame 
d).  A similar sequence of events is also observable in 
experimental visualizations in which dye was infected 
near the free surface in the attached shear layer on one of 
the sides of the cylinder.  For instance, in frame e one can 
observe several billows corresponding to the vortex tubes 
shed inside the DSL.  The one closest to the separation, 
indicated by the arrow, has already started moving toward 
the back of the cylinder.  In frame f the billow is entrained 
into that region and has stopped interacting with the other 
eddies inside the DSL.  The dye filament associated with 
the billow has separated from the main streak of tracer in 
frame g and part of it is convected vertically away from 
the free surface due to intense vertical motions present in 
the recirculation region (see also discussion of Fig. 8).  
Finally in frame h, the filament of dye associated with the 
billow that was drawn into the recirculation region has 
dissipated while the main streak of tracer recovers its 
usual shape in which several vortex tubes that are 
convected parallel to the mean flow direction inside the 
DSL can be identified.  The time intervals at which this 
phenomenon occurs are randomly spaced.  We were not 
able to identify a clear frequency associated with the 
entrainment of patches of vorticity from the DSL into the 
recirculation flow behind the cylinder. 
The next region of interest is the near bed region around 
the base of the pier.  The deepest part of main scour hole 
occupies the upstream and the sides of the pier base (see 
Figs. 1a and 6f).  The scour hole is not as deep behind the 
cylinder but it extends to larger distances away from the 
cylinder for polar angles close to 1800.  In the central 
region behind the cylinder a deposition region in the form 
of a dune whose axis is oriented streamwise is present.  It 
starts immediately downstream the scour hole.  On the 
two sides of this elongated deposition area, several 
contiguous regions where the bed is eroded are present.  
The arrows in Fig. 1a point toward the ones on the right 
side of the cylinder.  They appear to be separated by 
ripple-like bedforms.   
Animations of the LES instantaneous flow fields [13] 
and dye visualization experiments show that the HV 
region is populated by necklace like eddies whose extent 
in the polar direction is highly variable in time.  However, 
at most time instances a larger relatively stable necklace 
like vortical structure is present around the upstream part 
of the cylinder and oscillates randomly. Random 
formation and shedding of “new” small necklace vortices 
from the separation region, upstream of the cylinder, is 
observed.  Some of these vortices will merge with the 
primary vortex that is being stretched, and form a “new” 
primary vortex, others will loose their coherence rapidly.  
This makes that the intensity of the overall HV system can 
vary substantially in time.  This is especially true for the 
two legs of the primary necklace vortex. 
Besides the sources of randomness discussed before, 
random interactions among the legs of the necklace 
vortices, the lower part of the vortex tubes shed in the 
DSL and the near bed turbulent eddies convected from 
upstream are observed. 
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Figure 4. Visualization of the structure of DSLs using instantaneous vorticity magnitude contours. a) t=0D/U; 
b) t=0.2D/U; c) t=0.4D/U; d) t=0.6D/U; e) t=0.8D/U; f) t=1.0D/U; g)-l) dye visualizations. 
 
 
  
  
  
  
 
When one of the legs of a necklace vortex moves too close 
to the DSL, the vortical structure of the flow on that side 
of the cylinder in generally strongly affected.  In many 
cases the end result is a significant loss in the coherence of 
the HV system on the side on which the interaction took 
place.  Eventually, the HV system will recover its 
relatively symmetric shape with fairly elongated legs on 
the two sides of the cylinder. 
A phenomenon that was not discussed in great details in 
previous studies is the role of the coherent structures in 
the evolution of the bathymetry outside the upstream part 
of the cylinder base where the process is controlled by the 
main necklace vortices of the HV system.  To investigate 
this process in the late stages of the scouring process, 
snapshots in time of the vertical velocity contours are 
plotted in Figs. 6a to 6e in a surface parallel to the 
deformed bed situated everywhere at ∆z/D=0.13 from the 
bed.  This deformed surface approximately cuts through 
the core of the main HV that wraps around the upstream 
side of the cylinder and then orients itself parallel to the 
flow direction.  Though vorticity is generally a more 
appropriate quantity to educe vortical structures, in the 
present case the vertical velocity contours appear to better 
isolate the large-scale vortical structures (the centerline of 
the core of a vortex is situated in between the parallel 
streaks of positive and negative vertical velocity).   
Frames a to c in Fig. 6 illustrate a phenomenon also 
observed in dye visualizations in which the downstream 
part of the legs of the main necklace vortex which is 
oriented most of the time in a direction parallel to the flow 
(e.g., see frame d) is sometimes attracted toward the back 
of the cylinder (see arrow pointing toward the leg on the 
right side of the cylinder in frame b).  At this point that 
streak of vorticity becomes oriented at an angle of around ± 450 with the streamwise direction.  The streak then 
detaches from the leg of the HV and is then convected 
downstream (frames c) by the mean flow.  Before loosing 
its coherence due to the interaction with the small scale 
turbulence in the bed region (frame d), this eddy remains 
fairly parallel to the bed and can strongly increase the 
value of the bed shear stress beneath it.   
e)  
f)  Another situation arises when coherence in one of the 
legs of the HV becomes quite high and the end of the 
region over which the circulation is high is situated well 
past x/D=0.  Such a case is illustrated in frame e where the 
right leg maintains its coherence up to x/D~1.7.  In this 
case the vorticity inside the leg is oriented mainly in the 
streamwise direction, the right leg (see arrows) undergoes 
lateral oscillatory motions during which sediment is 
entrained from the deeper regions and carried laterally 
against the slope of the bed in the regions situated on the 
sides of the cylinder.  This partially explains the growth of 
the scour hole in the lateral direction in the later stages of 
the scouring process.   
g)  
These kinds of phenomena are also captured in the dye 
visualizations in frames g to k of Fig. 6.  Similarly to the 
scenario observed in frames a to c, a streak containing 
mainly horizontal vorticity (see white arrows) is detaching 
from the leg of the main necklace vortex on the right side 
and starts advancing mostly laterally against the slope of 
the scoured region on the side of the cylinder.  In frame h, 
the streak of vorticity is still very compact and is situated 
practically on the crest of the scoured region.  
Concomitantly, a second streak (black arrows) starts also 
being convected away from the cylinder base.  This 
second streak travels initially mostly in the streamwise 
direction (compare its position in frames h and i) and then 
laterally, against the slope of the scoured region on the 
side of the cylinder (frame j).   
h)  
Figure 5. Visualization of the interactions between 
the vortex tubes in the DSLs and the recirculating 
flow at the free surface. a)-d) instantaneous 
vorticity magnitude contours from LES; e)-h) dye 
visualizations. 
It appears that the sediment is carried out from the 
deeper region not just by turbulence burst phenomena 
associated with the dynamics of regular turbulence 
structures that populate the near bed region of a fully 
turbulent channel flow, but primarily by the large-scale 
structures that detach from the legs of the primary 
necklace vortices part of the HV system.  We were also 
being able to show using the LES flow fields that the 
sweeping motions associated with these streaks of 
vorticity oriented parallel to the bed can induce 
significant instantaneous values of the bed shear stress 
and thus sediment ejection.  Thus, these eddies can carry 
sediment from the deeper regions both laterally and 
downstream.  Once these structures start loosing their 
coherence as they interact with the small scale turbulence 
in the near bed region and dissipate, the sediment will 
deposit again. 
    
   
    
  
 
 
 
Finally, in frame k, we illustrate a situation in which the leg 
of the necklace vortex is strong enough to maintain its 
coherence over large streamwise distances.  Its axis is situated 
at larger distances from the bed then usual.  In this case the 
instabilities acting on the leg of the necklace vortex will still 
induce the formation of streaks of vorticity that will separate 
and scour the bed as they are convected downstream.  
However, the regions over which these streaks will be active is 
situated on the two sides of the streamwise oriented mound of 
sediment where bed deformations in the form of ripples are 
observed (see arrows in Fig. 1a).      
We think that these phenomena along with the shedding of 
vortex tubes in the DSLs (see discussion of Fig. 7) are 
responsible in a large measure for the scouring that occurs 
around the cylinder in the region between x/D=0 and x/D=2 
before equilibrium conditions are reached.   
The mean shape of the DSL is found to vary considerably as 
one approaches the bed.  This is illustrated by the tke contours 
in Fig. 7a shown in a vertical plane situated at x/D=0.7D 
downstream of the cylinder axis.  The large values of the tke 
and pressure fluctuations inside the DSLs are due to the 
shedding of energetic vortex tube-like structures at a high 
frequency.  Observe that the DSLs are curving toward the 
symmetry axis of the cylinder as they approach the bed.  In fact 
this oblique shedding phenomenon is present even at the start 
of the scouring process when the bed is flat, but becomes 
somewhat stronger as the scour evolves toward equilibrium 
conditions.  This is because the polar angle at which these 
layers detach from the cylinder surface is increasing as the bed 
surface is approached.  This is evident from the comparison of 
frames b, c and d in Fig. 7 in which the mean total vorticity 
contours from LES are shown in two deformed surfaces 
parallel to the bed situated at 0.04D and 0.3D from it and in a 
horizontal plane situated at0.5D from the free surface.   
The separation angle of the boundary layer on the cylinder 
between the free surface and the mid depth region (frame d) is 
practically constant and close to 850, similar to the case of the 
flow over an infinite cylinder at the same Reynolds number.  
The separation angle becomes larger then 900 in frame c in 
which the distance to the bed is 0.3D.  Very close to the bed 
(0.04D from the deformed bed surface) the separation takes 
place at a polar angle of 1650.   This makes that the vortex 
tubes from the DSLs on the two sides of the cylinder are 
relatively close to each other between the back of the cylinder 
(x/D=0.5) and x/D~1.5 which corresponds to the start of the 
main deposition region. 
Figure 6. Visualization of the dynamics of the legs of the main necklace vortices. a)-e) instantaneous vertical 
velocity contours from LES in a deformed surface situated at 0.13D from the bed; f) bed elevation map around 
the pier; g)-k) dye visualizations. 
g) h) i) 
j)  k) 
  
 
 
 
 
 
  
 
Figure 8. Visualization of uplift phenomena in the 
recirculation region behind the cylinder. a) 3D 
instantaneous streamlines from LES; b) dye 
visualizations. 
As these highly energetic structures are convected over the 
bed in the region situated behind the cylinder, close to its 
symmetry axis, they can entrain sediment away from the bed 
due to the large instantaneous pressure fluctuations and bed 
shear stress values they induce.  The mean path of these 
coherent structures can be inferred from Fig. 7b.  This explains 
why scouring occurs in this region where one would otherwise 
expect to see deposition of sediment.  In fact, as one can see 
from Fig. 6f, the form of the scour hole is also elongated in the 
streamwise direction for polar angles close to 1800.  As these 
vortex tubes are convected downstream they grow in size but 
the overall vorticity levels inside the core of these structures is 
decaying.  Thus, past a certain distance from their formation 
region they will not be able to entrain sediment.  Evidence of 
the separation delay in the near bed region is also shown in Fig. 
7e in which the streak of tracer injected inside the attached 
boundary layer is partially entrained into one of the vortex 
tubes moving along the φ=1800 direction in the near bed region 
and from there upwards toward free surface in the recirculation 
region.        
Instantaneous 3D streamlines (frame a) and particle path 
visualizations (frame b) in Fig.8 suggest that the region situated 
behind the cylinder in between the two DSLs is characterized 
by strong momentum transfer in the vertical direction.  In 
experiment and simulation the origin of the streamlines was 
situated close to the base of the cylinder.  Some of the 
streamlines in Fig. 8a are entrained in the region just behind the 
pier and from there they are advected toward the free surface 
by intermittent sweeping motions present in the near wake 
region close to the bed.  As the channel depth is comparable to 
the pier diameter in the test case considered in the present 
work, these motions are strong enough to convect these fluid 
particles very close to the free surface as observed in both 
frames in Fig. 8.  Eventually, they will be convected into 
regions where down-welling motions are present near the free 
surface and eventually will deposit some distance downstream 
the pier.   
e) 
SUMMARY VI. Figure 7. Visualizations of the DSLs. a) tke in 
x/D=0.7 plane; b) mean vorticity magnitude 
contours in a plane situated at 0.04D from the bed; 
c) mean vorticity magnitude contours in a plane 
situated at 0.3D from the bed; d) mean vorticity 
magnitude contours in a plane situated at 0.5D from 
the free surface; e) dye visualization of a vortex 
tube in the near bed region. 
The influence of large scale coherent structures on scour at 
conditions close to equilibrium was investigated using a 
combination of numerical and experimental techniques.  The 
bed geometry was obtained from a laboratory experiment.  The 
present study focused on the interactions between the legs of 
the necklace vortices part of the HV system and the near wake, 
in particular the vortex tubes that are shed at a relatively high 
intensity inside the DSLs.  The dynamics of the interactions 
between the legs of the horseshoe vortices and the deformed 
scoured bed around the cylinder was investigated using the 
database from a highly resolved LES simulation and 
experimental visualizations.  The present simulations showed 
that streaks of vorticity from the legs of the main horseshoe 
like structures can detach and then be convected downstream or 
laterally against the slope of the scoured region.  As they travel, 
these patches of vorticity remain approximately parallel to the 
bed and can locally increase the bed shear stress values beneath 
them above the threshold entrainment value.  This phenomenon 
is different from the usual bursting events present in the near 
bed region of a fully turbulent channel flow.  The separation of 
the DSL in the near bed region is delayed substantially 
compared to the layers situated away from the bed.  The DSLs 
on the two sides of the cylinder curve toward the centerline as 
they approach the bed.  Consistent with dye visualization 
experiments, strong ejections and uplifting phenomena were 
observed in the region just behind the cylinder.   
LES simulation results were validated by comparing the 
predicted free surface streamline patterns in the wake of the 
cylinder with those obtained using LSPIV.  Though most of the 
vorticity in the mean flow was contained into the DSLs on the 
two sides of the pier, the vorticity distribution in the 
recirculation and near-wake regions in the instantaneous flow 
was shown to be very complex and to contain a wide range of 
turbulent scales.  Phenomena such as merging of the vortex 
tubes inside the DSLs and entrainment of patches of vorticity 
from the DSLs into the recirculation region were observed to 
occur randomly.   
All these mechanisms involving interaction among large-
scale coherent structures or between them and the bed were 
highly intermittent and occured in a random fashion. They 
explain, at least partially, how the scour hole is growing in time 
in the regions situated laterally or behind the pier and illustrate 
the very complex interactions between the near-wake region 
and the HV system. 
ACKNOWLEDGMENT 
The authors would like to thank Dr. M. Muste from IIHR-
Hydroscience and Engineering, The University of Iowa for his 
insightful advice related to the experimental part of the study 
and for his help in applying the LSPIV technique he developed 
to the present study.   
REFERENCES 
 
[1] Castro, P. and Haque, A., 1988, The Structure of a Shear 
Layer Bounding a Separation Region. Part2: Effects of Free-
stream Turbulence, Journal of Fluid Mechanics, 192, 577-595. 
[2] Dargahi, B., 1987, Flow Field and Local Scouring around a 
Cylinder, Bulletin No: TRITA-VBI-137, Royal Institute of 
Technology, Hydraulics Laboratory, Stockholm, Sweden. 
[3] Dargahi, B., 1989, The Turbulent Flow Field around a 
Circular Cylinder, Experiments in Fluids, 8, 1-12. 
[4] Dargahi, B., 1990, Controlling Mechanism of Local 
Scouring, Journal of Hydraulic Engineering, 116 (10), 1197-
1214.  
[5] Davenport, W. J. and Simpson, R. L., 1990, Time-
dependent and Time-averaged Turbulence Structure Near the 
Nose of a Wing-body Junction, Journal of Fluid Mechanics, 
210, 23-55. 
[6] Ettema, R., Kirkil, G. and Muste, M., 2006, Similitude of 
Large-Scale Turbulence in Experiments on Local Scour at 
Cylinders, Journal of Hydraulic Engineering, 132 (1), 33-40. 
[7] Fujita, I., Muste, M., and Kruger, A., 1998, Large-scale 
Particle Image Velocimetry for Flow Analysis in Hydraulic 
Applications, Journal of Hydraulic Research, 36(3), 397-414. 
[8] Graf, W. H. and Yulistiyanto, B., 1998, Experiments on 
Flow around a Cylinder, the Velocity and Vorticity Fields, 
Journal of Hydraulic Research, 36(4), 637-653. 
[9] Graf, W. H. and Istiarto, I., 2002, Flow Pattern in the 
Scour Hole around a Cylinder, Journal of Hydraulic Research, 
40(1), 13-19. 
 [10] Hoyt, J. W. and Sellin, R. H. J., 2000, A Comparison of 
Tracer and PIV Results in Visualizing Water Flow around a 
Cylinder close to the Free Surface, Experiments in Fluids, 28, 
261-265. 
[11] Hoyt, J. W. and Sellin, R. H. J., 2001, Three-dimensional 
Visualization of Large Structures in the Turbulent Boundary 
Layer, Experiments in Fluids, 30, 295-301. 
[12] Inoue, M., Baba, N. and Himeno, Y., 1993, Experimental 
and Numerical Study of Viscous Flow Field around an 
Advancing Vertical Circular Cylinder Piercing a Free Surface, 
J. Kansai Soc. Naval Archit. of Japan, 220, 57-64. 
[13] Kirkil, G., Constantinescu, S.G., and Ettema, R., 2005, 
The Horseshoe Vortex System around a Circular Bridge Pier 
on Equilibrium Scoured Bed, World Water and Environmental 
Resources Congress, Alaska. 
[14] Kirkil, G., Constantinescu, S.G. and Ettema, R., 2005, 
The Horseshoe Vortex System around a Circular Bridge Pier 
on a Flat Bed, XXXIst International Association Hydraulic 
Research Congress, Seoul, Korea. 
[15] Kirkil, G., Constantinescu, S.G. and Ettema, R., 2006, 
Investigation of the Velocity and Pressure Fluctuations 
Distributions inside the Turbulent Horseshoe Vortex System 
around a Circular Bridge pier, Proc. River Flow 2006.  
[16] Mahesh, K., Constantinescu, S.G., and Moin, P., 2004, A 
Numerical Method for Large Eddy Simulation in Complex 
Geometries, Journal of Computational Physics, 197 (1), 215-
240. 
[17] Melville, B. W., 1997, Pier and Abutment Scour: 
Integrated Approach, Journal of Hydraulic Engineering, 123 
(2), 125-136. 
[18] Simpson, R. L., 2001, Junction Flows, Annual Review of 
Fluid Mechanics, 33, 415-443. 
[19] Vlachos, P. P., 2000, An Experimental Spatio-Temporal 
Analysis of Separated Flows over Bluff Bodies using 
Quantitative Flow Visualization, Ph.D. thesis, Virginia 
Polytechnic Institute and State University , Blacksburg, VA.  
[20] Wei, Q. D., Chen, G. and Du, X. D., 2001, An 
Experimental Study on the Structure of Juncture Flows. 
Journal of Visualization, 3(4), 341-348. 
[21] Williamson, C. H. K., 1995, Vortex Dynamics in the 
Wake of a Cylinder, Fluid vortices, S. I. Green (ed.), 155-234. 
[22] Williamson, C. H. K., 1996, Vortex Dynamics in the 
Cylinder Wake, Annual Review of Fluid Mechanics, 28, 477-
539. 
